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Non-destrutive study of non-equilibrium states of old, trapped atoms
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Highly sensitive, non-destrutive, real-time spetrosopi determination of the 2D kineti mo-
mentum distribution of a old-atom sample is performed with the three-beam measurement of the
reoil-indued resonanes. The measurements performed with an operating magneto-optial trap
reveal slow veloity drifts within a stationary atomi loud and strong anisotropy and asymmetry
of the non-Maxwellian momentum distribution. The developed method an be easily extended to
3D.
PACS numbers: 32.80.Pj, 42.50.Vk, 42.65.-k
Most experiments with old, dilute atomi gases em-
ploy magneto-optial traps (MOT), whih yield temper-
atures in a range of hundreds to a few µK. Further traps
and ooling stages an be applied for reahing the quan-
tum degeneray regime. This requires mathing of the
momentum distributions of various traps. Knowledge of
suh distributions is also essential for quantum state di-
agnostis of the trapped sample. Below, we present reli-
able method of 2D momentum diagnostis based on the
so alled reoil-indued resonanes (RIRs) and apply it
to the detailed study of non-standard momentum distri-
butions in a MOT.
The rst unambiguous observation of RIRs was made
in a 1D optial lattie [1℄ lled with atoms muh older
than in a standard MOT. RIR signals were also seen in
optial molasses [2, 3℄, in a old atomi beam [4℄ and
with atoms released from a MOT [5℄. The inuene of
the reoil eet on the probe absorption and four wave
mixing spetra has been reently demonstrated in a on-
tinuously working MOT, i.e. with all light and magneti
elds on, in [6℄.
In this Letter we present evidene of three dierent
kinds of anisotropy of the momentum distribution in an
operating MOT. The measurements were onduted us-
ing our three-beam, RIR-based method developed for si-
multaneous probing of the momentum distribution in two
perpendiular diretions. The method extends the prin-
iple of 1D thermometry as suggested in Ref. [2℄. Impor-
tant feature of our extension is that 2D information is a-
quired simultaneously in one measurement. The method
an be extended to 3D.
The RIRs result from a stimulated Raman proess,
whih ouples two kineti states of free moving atoms
(Fig. 1). Two laser beams, the pump and the probe,
of frequenies ω and ω + δ, respetively, drive the Ra-
man transition after whih the atoms gain kineti en-
ergy ∆Ekin = ~δ and hange momentum p by ∆p =
~∆k = ±2~keˆi sin θ/2, where k is the modulus of the
light wave vetor, θ is the angle between the beams,
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and eˆi is the unit vetor perpendiular to the bisetor
of θ. The non-zero amplitude of the onsidered Raman
resonane arises from dierent populations of the given
kineti states. When reorded in absorption, the RIR
shape is proportional to a derivative of the momentum
distribution ∂Π(pi)/∂pi, where pi = p · eˆi [1, 6, 7, 8℄.
This diret relation of the RIR signal to Π(p) allows on-
venient and aurate measurement of the kineti momen-
tum distribution in a old atomi sample, provided that
the distribution is suiently narrow.
Figure 1: Reoil-indued resonanes: (a) geometry of the laser
beams, (b) atomi kineti energy and momentum hanges due
to the Raman proess oupling two kineti states. Cirles
symbolize populations Π(p) of these states.
Important advantage of the RIR method is its dire-
tional seletivity. Π(p) is probed in a given diretion,
speied by ∆p, i.e. by angle θ (Fig.1a). Hene, apart
from appliations to standard 1D veloimetry [2, 4℄, RIRs
an also be used for studies of a possible momentum dis-
tribution anisotropy in non-equilibrium states of a old
atomi sample.
Our experiment (Fig. 2) employs a standard vapor-
loaded MOT [9℄ with
85
Rb atoms. Two extra beams in-
terset in the trap enter: the pump and the probe. The
probe beam is direted at a small angle α = 3◦ to the
MOT beams (propagating along z), and the pump is at
θ = 5◦ to the probe. The probe beam an be deteted
either diretly or after retroreetion. The setup with
retroreeted probe enables the measurement of Π(p) si-
multaneously along two perpendiular diretions: ⊥, for
angle θ between the pump and the nearly o-propagating
2Figure 2: The layout of the experiment. The pump and probe
beams interset in a loud of old atoms. With the optional
mirror we realize a three-beam onguration in whih the
momentum exhange is allowed in two diretions: ⊥ and ||.
Third pair of the MOT beams along x and the MOT oils are
not shown in this gure.
probe, and ||, for angle 180◦ − θ between the pump and
the nearly ounter-propagating probe. When α and θ are
suiently small, ⊥ and || almost oinide with the y and
z diretions, respetively. Both pump and probe beams
are derived from diode lasers synhronized by injetion-
loking and are blue-detuned from the trapping transi-
tion
2
S1/2(F = 3)
2
P3/2(F
′ = 4) by ∆ = 2pi·140 MHz
≈ 23.3 Γ, where Γ denotes the natural linewidth. Suh
big detuning redues the perturbation of atoms to a very
low level (sattering rate ∝ 1/∆2) whih is essential for
non-destrutive measurements. Moreover, non-resonant
pump eliminates overlap of the RIRs and Raman-Zeeman
resonanes [6℄ hene failitates interpretation of the re-
sults. Despite large ∆, the pump and probe beams drive
the Raman signal with a suiently large amplitude and
signal-to-noise ratio for the pump beam intensities 5-
35 mW/m
2
.
The probe beam is sanned by δ ≈ ±1 MHz around
frequeny ω of the pump. The probe and pump pho-
tons indue Raman transitions between atomi kineti
states separated by ±~δ. Sine the polarization of
the pump and probe beams is hosen to be the same,
the atoms undergo Raman transitions with ∆mF = 0.
Hene, the internal atomi state does not hange and
the only states that have to be onsidered are the ex-
ternal states assoiated with the kineti energy of the
atomi enter-of-mass. The multi-level struture of
85
Rb
an thus be redued to a set of independent two-level
systems whih allows straightforward appliation of the
basi RIR theory [1, 6, 7℄. With the assumption that
Π(p) is the Maxwell-Boltzmann distribution, the RIR
signal s(δ) [6, 7℄ reorded with the retroreeted probe is
given by two ontributions. The narrow one results from
the Raman proess involving the pump and the probe
beam making small angle θ and the wide one is for angle
180◦ − θ. The signal is
s(δ) ∝ −A⊥δ exp
(
−
δ2
ξ2⊥
)
−A||δ exp
(
−
(δ − δ0)
2
ξ2||
)
,
(1)
where, for small θ, ξ2⊥ ≈ 2kBk
2m−1θ2τ⊥ and ξ
2
|| ≈
8kBk
2m−1τ||. τ⊥ and τ|| are the distribution widths in
the ⊥ and || diretions in the temperature units, A|| and
A⊥ are the amplitudes of the orresponding ontribu-
tions, m is the atomi mass, kB is the Boltzmann on-
stant, and δ0 is the possible frequeny shift between the
⊥ and || ontributions, to be disussed later.
Figure 3: Transmission spetrum of a retroreeted probe
(gray) and the theoretial predition (dashed) of Eq.(1). In-
set: the beam setup. The MOT beams have intensity IMOT =
13.8 mW/cm2 per beam and are detuned from the trapping
transition by ∆MOT = −3Γ, the repumper beam intensity
IREP = 15 mW/cm
2
, the axial magneti eld gradient ∂xB =
12 Gauss/cm, the pump beam intensity I = 33 mW/cm2,
and the probe beam intensity 0.3 mW/m
2
.
Typial example of the retroreeted-probe transmis-
sion spetrum is shown in Fig. 3. It exhibits two distint
resonant ontributions, predited by eq. (1). The wide
ontribution is shifted with respet to the narrow one
by 72.4 kHz, whih indiates a 2.8-m/s average veloity
omponent in the || diretion. We thus observe an atomi
drift within a loud, whih as a whole remains station-
ary. We understand this as a dynami eet resulting
from a small dierene of the radiation pressures intrin-
si to a MOT with retroreeted trapping beams. Indeed,
the observed shift inreases when the imbalane is pur-
posely inreased. Strong imbalane normally produes
a displaement of the atomi-loud enter of mass. In
our ase this displaement is too weak to be deteted by
standard imaging tehnique, while the anisotropi atomi
ow, even one order of magnitude slower than the mean
thermal veloity, is well measurable with our method.
As the veloity distributions derived from the signal
in Fig. 3 are Gaussian, one an determine the values
τ⊥ = 172 ± 6µK and τ|| = 170 ± 3µK. The equality of
these τs implies thermodynamial equilibrium and allows
their interpretation as temperature T , despite the slow
drift. The equilibrium persists for various MOT-light in-
tensities due to the fat that total intensities of eah pair
of the MOT beams remain the same. The observed nearly
linear inrease of T with the total MOT-beam intensity
agrees well with previous reports [10, 11, 12℄.
The thermodynamis of the system beomes highly
non-trivial when the trapping light is unevenly dis-
tributed between the MOT beam pairs. It was predited
that for suh onditions the width of kineti momentum
3distribution shows diretional dependene [13℄. Using
the simultaneous measurement of the momentum width
in two perpendiular diretions, we attempted to ob-
serve suh anisotropi non-equilibrium state of the old-
atom loud. For this reason, we hanged intensity bal-
ane between the longitudinal (Iz) and transverse (Ix,
Iy) MOT beam pairs, while keeping the total intensity
I0 = Ix+ Iy + Iz onstant. We dene parameter κ as the
relative intensity of Iz, Iz = κI0, Ix = Iy = (1 − κ)I0/2.
The results of the measurement of τ|| and τ⊥ for dier-
ent values of κ are depited in Fig 4. For equal par-
tition of the trapping intensity (κ = 1/3), the widths
of kineti momentum distributions are the same, as ex-
peted. However, when κ inreases, τ|| and τ⊥ follow
opposite trends, whih is evidene of kineti momentum
anisotropy in a MOT working MOT and thereby its non-
equilibrium state. A similar anisotropy was reently ob-
served also in an optially dense sample [14℄. We notie
that τ‖ + 2τ⊥, whih is the measure of v
2
‖ + 2v
2
⊥, is on-
stant within ±2% over the whole measured range of κ.
The derease of τ|| with the growing κ is due to the fat
that the heating assoiated with spontaneous emission
is isotropi, whereas the ooling rate is higher for the
diretion with the inreased intensity. The momentum
anisotropy beomes manifest beause the density of the
atoms is too small to provide eient thermalization. In-
deed, simple estimation for typial onditions and Rb-Rb
ollision ross-setion σRb−Rb = 3 · 10
−13
m
2
[15℄ yields
the atomi ollision rate below 1 Hz in our trap, while
the frition oeient, in frequeny units, is in the kHz
range.
The theoretial behavior of τ|| and τ⊥ aording to
Refs. [13, 16℄ is plotted in Fig. 4 along with the exper-
imental data. They exhibit similar qualitative depen-
dene (the derease of τ|| and the inrease of τ⊥ with
growing κ), but the existing theory fails to reprodue the
exat shape of the experimental dependene. This dis-
repany is due to additional mehanism of sub-Doppler
ooling, not inluded in the alulations of Ref. [13℄. In-
deed, the inrease of Iz aompanied by attenuation of Ix
and Iy results in eient quasi-1D ooling sheme in the
σ+ − σ− optial molasses [17℄. Evidene of this ooling
is provided by the values of τ|| falling to 70 µK, well be-
low the Doppler ooling limit of 140 µK. Importane of
sub-Doppler ooling for anisotropy of momentum distri-
bution in old atomi samples has been previously noted
in optial molasses [18℄.
In the situation disussed above, the MOT beams were
arefully aligned whih resulted in high stability of the
trapped-atom loud, even for the largest departures from
the equal partition of the trapping light intensity, and al-
lowed tting of the RIR signals by eq. (1). The sole
manifestation of the non-equilibrium of the sample was
the Π(p⊥) vs. Π(p||) anisotropy. The thermodynam-
ial equilibrium an be altered yet in a dierent way,
namely by enhaning imbalane between the ounter-
propagating MOT-beam radiation pressures. Fig. 5a de-
pits the RIR reorded with a standard 1D, two-beam
Figure 4: Widths of the kineti momentum distributions
measured as a funtion of relative intensity κ in the two
perpendiular diretions, τ⊥ (hollow irles)and τ|| (lled ir-
les). For the equilibrium (κ = 1/3), IMOT = 6.8 mW/cm
2
,
τ⊥ = 100 ± 3 µK, and τ|| = 103 ± 2 µK. Other parame-
ters as in Fig. 3. Theoretial urves are plotted aording to
Refs. [13, 16℄.
Figure 5: (a) The probe transmission spetrum in a mis-
aligned MOT for IMOT = 3.1 mW/cm
2
, ∆MOT = −2.25Γ
and other experimental parameters as in Fig 3. As shown
in inset, the probe-beam is not retroreeted, hene only the
wide RIR ontribution is present. (b) The atual veloity
distribution Π(v||) (grey thik line) obtained by integrating
the probe transmission spetrum and the Gaussian referene
(dotted line), dened in text.
arrangement applied to the ase when the MOT beams
were slightly misaligned and tuned loser to resonane.
The 1D thermometry was aomplished by replaing the
optional mirror in Fig. 2 by a photodiode. In this ong-
uration, the pump and the probe make angle 180◦−θ and
4the reorded signal is proportional only to ∂Π(p||)/∂p||.
Its shape deviates from a derivative of a Gaussian. By
integrating the signal and saling to the veloity units,
the atual distribution of veloity omponent in the ||
diretion, v||, an be retrieved. Fig. 5b shows suh a dis-
tribution obtained from the experimental signal and the
idealized Gaussian referene urve of the same area and
of the width derived from the positions of the minimum
and maximum of the RIR signal in Fig. 5a. Non-standard
properties of a stable atomi gas, revealed in our exper-
iment all for thorough theoretial analysis with proper
aounting for ooling and heating mehanisms.
In onlusion, we have developed three-beam spetro-
sopi method of determining the momentum distribu-
tions of old, trapped atoms, based on reoil-indued
resonanes. The method is non-destrutive, highly sen-
sitive and provides multi-dimensional momentum deter-
mination in a single measurement. Its potential has
been demonstrated by study of three dierent momentum
distributions of atoms in the operating magneto-optial
trap: (i) thermodynami equilibrium with well dened
temperature and Gaussian momentum distribution with
a slow veloity drift; (ii) non-equilibrium state hara-
terized by Gaussian distributions with drastially dier-
ent widths in the longitudinal and transverse diretions;
(iii) non-equilibrium state of non-Gaussian momentum
distribution along one diretion. The result (ii) quali-
tatively onrms theoretial preditions of Ref. [13℄ and
indiate need for more rened MOT theory. Our method
an be partiularly useful for studies of anisotropy in op-
tial molasses [18℄, 2D MOTs [19℄, et. The desribed
method an be also straightforwardly applied to 3D ase
by introduing additional pump beam in the xz plane in
Fig. 2. To avoid overlapping of the RIR signals assoiated
with all ∆p diretions, the frequeny of the additional
pump ould be shifted. Suh an approah an be used
for the non-destrutive, on-line diagnostis of the atom
dynamis in a trap arried out independently and simul-
taneously with other spetrosopi measurements. The
method should also be appliable to quantum-degenerate
gases. In fat, the widely used Bragg spetrosopy is
based on the same priniple of momentum and energy
transfer. Measuring the Bragg-beam transmission in our
three-beam geometry, rather than imaging BEC an thus
beome a valuable, non-destrutive alternative.
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